ABSTRACT In this study, DRAINMOD-N, a mathematical model for simulation of nitrate-nitrogen (NO3-N) concentration in water outflows (runoff and subsurface drain water) and shallow ground water, has been tested based on the field data collected from paddy rice fields consisting of a controlled drainage (CD) system in north of Iran during 2008 and 2009. The model performance was evaluated first by comparing the observed and simulated water table depth (WTD), that is an essential prerequisite for the model to obtain a proper prediction of NO3-N movement, and then by comparing the observed and simulated NO3-N concentration in shallow groundwater using two statistical indices, lowest root mean square error and the highest correlation coefficient. The lowest root mean square error and the highest correlation coefficient were determined to be 94.4 mm and 0.8 for water table differentiations, and 1.32 (mg/l) and 0.93 for NO3-N concentration, respectively. Therefore, it was found that DRAINMOD-N can be used to simulate soil hydrology and NO3-N concentration in shallow ground water of paddy rice field under controlled drainage CD management practices in north of Iran.
INTRODUCTION Drained agricultural lands have been recognized as a major source of pollution to both surface and subsurface waters (Randall and Mulla 2001; Stoate et al. 2001; Wang et al. 2006; Salazar et al. 2009 ). Intensive use of fertilizers and manure to increase food production can enhance the risk of nitrogen (N) contamination of water bodies (Carpenter et al. 1998; Madramootoo et al. 2001; Northcott et al. 2001; Helwig et al. 2002) . NO3-N loss to shallow groundwater and surface waters from irrigated and heavily fertilized paddy rice fields in northern Iran, is one of the major environmental concerns, requiring proper water and fertilizer management to improve water quality. Nitrates are water soluble and susceptible to transport via leaching and deep percolation into ground water, which usually increases the concentration of NO 3 -N above acceptable water standards. NO 3 -N concentration as high as 18-30 mg/l have been observed in the groundwater in North of Iran that received water from agricultural fields (WRPRI, 2001 ).
Many field studies have been conducted to demonstrate the effect of overusing of fertilizers, irrigation water application and water table management on N pollution in drain waters and ground waters (Singh et al. 2000; Madramootoo et al. 2001; Singh et al. 2001; Cho et al. 2008) . However, field experiments are usually site-specific, too expensive, and time consuming. Therefore mathematical models can be used to estimate N in surface and subsurface flows for different environmental conditions and farming practices (Ng et al. 2000; Zhao et al. 2000) . Currently, several computer simulation models are available that can simulate the water flow processes and chemical transport through subsurface drained lands. The field hydrological model, DRAINMOD (Skaggs 1978) , has been used successfully to simulate surface and subsurface drainage discharges and water table fluctuations for a wide range of soils, crops, weather conditions, and water management practices. Breve et al. (1997a, b) developed DRAINMOD-N, a companion model to DRAINMOD, which simulates nitrogen movement in artificially drained agricultural soils. Drainmod-N simulates NO 3 -N leaching, nitrogen transformation, nitrogen uptake, and mineralization in the soil profiles (Zhao et al. 2000) . The accumulated amount of NO 3 -N in drain outflows and shallow groundwater can be estimated by the model; so that, it can evaluate the effects of irrigation water application, fertilizer use and water table management on N losses from drained cropland. Zhao et al. (2000) applied DRAINMOD-N for simulating nitrogen losses in drainage water in a welldrained clay loam soil in Minnesota. Singh et al. (2001) also successfully simulated nitrate losses using the model for a poorly drained soil in Central Illinois. In the paddy rice fields, it is necessary to look for a model that can accurately simulate NO 3 -N movement in shallow groundwater. To the best of our knowledge, DRAINMOD5.1 has not been previously used for simulating the fate and transport of NO 3 -N in paddy rice fields. The primary objective of this study was to evaluate DRAINMOD-N for simulating NO 3 -N movement in shallow groundwater in paddy rice fields under controlled drainage CD system. The field measurements for the model evaluation were carried out in northern Iran during 2008 and 2009
MATERIALS AND METHODS
Site description and experiment procedure. This study was carried out in Mazandran Province on a site located at the Technology and Development Center of Haraz in Amol in the northern part of Iran. The experimental site is located at 52 º 17´ E longitude and 36º 68´ N latitude with an altitude of 5.5 m. Mazandaran has occupied an important place in agriculture and paddy rice is one of the principal food crops of Iran. The site is characterized by a semi-Mediterranean climate throughout the year. The mean annual maximum and minimum temperatures are 32.7 o C and 7.8 o C, respectively. The mean annual rainfall is 882.6 mm of which about 63% occurs from September to December. The period from June to August is relatively dry and hot with small amounts of rain. On average, irrigation water of 900-950 mm is applied to paddy rice fields through 16 irrigation events during the growing season. This irrigation schedule is adopted to keep the rice field under standing water with a depth of 40-50 mm throughout the crop growth period. However, the surface ponding is kept to a minimum at the time of application of basal dose of nitrogen and nearing harvesting date. The experimental field has eight plots contain Subsurface drains. Subsurface drains are corrugated PVC pipes, 100 mm in diameter, with rice husk envelope that have been installed at 0.8 m depth and 10 m spacing. The drain outlet for each subsurface drained plot has a weir for controlling WTD. The weir is operated two times through the growing season. The first operation is done at the middle of growing season to lower water table in order to enhance root growth and the second operation is done for dewatering the soil at the end of season for vehicles entrance to the field for harvesting the crops. The field measurements were carried out in two CD plots (1.1 ha each) during 2008 and 2009. Experimental plots were isolated by buffer plots to prevent lateral water movement between the plots. The cultivated crop in the field was rice in both years. Nitrogen fertilizer was applied twice each year. At planting, the plots were fertilized with ammonium nitrate at a conventional rate of 100 kg-N ha -1 . A second dose of N fertilizer was applied approximately 30 days after planting at a rate of 45 kg ha-1. In this study, only the plots receiving the inorganic fertilizer were used to evaluate the model. The soil texture of the experimental field is silty clay and the average values of soil properties are shown in Table 1 and Fig. 1 . Undistributed soil cores using steel cylinders (72 mm in diameter, 100 mm in height) were taken at 100 mm depth intervals down to 900 mm, with four replicates at each level. These soil samples were used for determining soil parameters of the experimental site by standard laboratory methods (Andersson 1955) . Soil water retention was measured using standard pressure plate method for each horizon of soil. Soil texture was measured using the hydrometery method and saturated hydraulic conductivity K s was estimated using the auger hole method. The above soil properties were used to generate DRAINMOD's soil inputs. For the two successive years, the WTD and NO 3 -N concentration in shallow groundwater was measured during the growing seasons in CD plots. Water table observation wells (perforated, 25-mm in diameter polyethylene pipes with a geotextile sleeve) were installed midway between the subsurface drains to a depth of 1.2 m on the north and south part of each plot. A water sensor was used to monitor the depth of midspan water table for each plot. Water samples for NO 3 -N analysis were collected from observation wells on a daily basis after fertilizer application. The samples were stored in refrigerator at 4 ºC and analyzed by spectrophotometer method in the laboratory during two days.
Model inputs
In this study, simulations were conducted using data measured from the plots with controlled drainage. DRAINMOD inputs include soil properties, parameters characterizing the crop, drainage system parameters and meteorological data. Nitrogenrelated parameters required by DRAINMOD-N include soil, crop management, N transport and transformation and organic matter parameters. Soil inputs were obtained from soil samples taken from experimental site (Table 1) . Potential yield and other management and crop production parameters are presented in Table 2 . Hydrological parameters The observed daily rainfall values were converted to hourly values using a subroutine in the DRAINMOD5.1 package, assuming that the daily rainfall was uniformly spread over 4 h.
The potential evapotranspiration (PET) was calculated using the FAO Penman-Monteith combination equation (Allen et al., 1998) . The infiltration rate was predicted by the DRAINMOD soil preparation program with an approximate equation of Green and Amp (1911) . The drain volume and upward flux versus WTD were also estimated by the model, which required inputs of average depth of root zone, depth of each layer, the maximum tension in the root zone when dry and the saturated hydraulic conductivity of each layer. The unsaturated hydraulic conductivity was calculated by the model according to Millington and Quirk (1961) from the soil water retention characteristic and Ks. The drainage parameters were set to be equal to the field trial drainage system design (Table 3) . (Skaggs, 1978) Nitrogen parameters DRAINMOD-N input parameters were obtained from ranges published by Breve et al. (1997b) , reported in the literature (Davidson et al. 1978; Johnsson et al. 1987) and field data from the experimental site. A sensitivity analysis performed on DRAINMOD-N by Breve et al. (1997b) showed that NO 3 -N loss in the subsurface drains is most sensitive to the rate coefficients for denitrification and mineralization, mildly sensitive to N content in crop, NO 3 -N content in rainfall and dispersivity. The rate coefficients for denitrification and mineralization and the value of soil dispersivity were adjusted to improve the agreement between measured and simulated nitrate-N. Main inputs used in the nitrate-N simulations are listed in Table 4 . Figs. 2 and 3 , respectively. The simulated midspan WTDs were generally deeper than the observed values, which could be caused by the assumed deep seepage value of 0.15 mm/h, and also preferred flows through the external side-wall of piezometers which were occurred due to the piezometers installation procedure. Deeper water table simulations were also possible if the actual evapotranspiration rates were lower than the ones calculated with the FAO Penman-Monteith combination equation (Allen et al. 1998 ). However, this could not be tested because no actual evapotranspiration measurements were made at the site. Although these situations caused some difficulty for DRAINMOD-N to obtain more accurate simulation, reasonably RMSE and r indicated that the model could perform satisfactorily for soil hydrologic simulation, and such a good simulation is essential for proper simulation of nitrate-N losses in shallow groundwater or outflows. Table 6 . High r values, 0.90 and 0.93, showed that DRAINMOD-N could be used successfully in simulating nitrogen-N concentration. The RMSE values, 1.32 and 2.97 mg/l, were relatively low. Therefore the differences between the observed and simulated nitrate-N concentrations in shallow groundwater were found to be small in both years. The results of measured and Although the model slightly overestimated nitrate-N concentration during both years, the variation trend of measured and simulated nitrate-N concentration values was considerably similar. Figs 4 and 5 illustrated that the peak values of measured and simulated nitrate-N concentrations in shallow ground water for both years occurred at the same dates, i.e. 3 days and 1 day after first and second fertilizer application, respectively. While running DRAINMOD-N in the present study, some input parameters which are requisite by the model were not obtainable from direct field measurements in the site. Also at times that the model simulations were not close to the measured values, thus made necessary model calibration. In the present study, the simulated (WTDs) were deeper than the measured values in both years (Figs. 2 and 3) ; therefore the vertical seepage value at the field site had to be modified. Some parameters for NO 3 -N simulations, including the denitrification rate, net mineralization rate and dispersivity cannot be measured easily and thus required some empirical calibration. Calibration and estimation of input parameters in the present study were done on a trial and error basis, because very fewer studies has been reported in similar environment of paddy rice fields yet, especially in north of Iran. , the obtained results demonstrate that DRAINMOD-N was able to accurately predict NO3-N concentration in shallow groundwater. Therefore, the model can be applied for simulating NO3-N movement in shallow ground water via CD in paddy rice fields, such as fields in north of Iran, and help in proper management of irrigation and fertilizer which considerably are used on this fields to reduce NO3-N pollution.
CONCLUSIONS

